Abstract Dopamine (DA) neurons have been recorded in vivo in four states of activity: (I ) hyperpolarized, nonfiring; (2) single spike firing; (3) burst firing; and (4) depolarization inactivation.
nonfiring; (2) single spike firing; (3) burst firing; and (4) depolarization inactivation. Nonfiring DA neurons can be made to fire by iontophoretic application of the excitatory substances glutamate and cholecystokinin, or by depolarizing current injection. Spontaneously active DA cells typically fire in a slow (3 to 8 Hz) irregular pattern. In vivo intracellular recordings revealed that this pattern is sustained by the alternation of two currents: a spontaneously occurring slow depolarization (13 f 3 mV amplitude, 78 +_ 40 msec duration) which brings the membrane potential of the DA cell to spike threshold (-42 mV) , and an afterhyperpolarization mediated by a calcium-activated potassium conductance (I kc&. The slow depolarization is a pacemaker-like conductance, with a rate of rise proportional to the membrane potential. The regular pacemaker pattern of the spontaneously occurring slow depolarization is interrupted by the I k(ca) which appears to be triggered by calcium entry during the action potential. Thus, intracellular injection of the calcium chelator EGTA will cause DA cells to fire in a regular, pacemaker pattern. The I k(ca) is observed after single spikes and trains of spikes with the amplitude of the afterhyperpolarization being proportional to the number of spikes in a train. Both the afterhyperpolarization and the firing accommodation observed during depolarizing current injection can be blocked by intracellular injection of the calcium chelator EGTA. Dopamine (DA) cells have been observed in four states of activity when recorded extracellularly in chloral hydrate-anesthetized or gallamine-paralyzed rats. Two inactive states have been observed and have been hypothesized to be due to either inhibition resulting in a hyperpolarized, inactive cell (Bunney and Grace, 1978) or, following specific manipulations, hyperexcitation resulting in a depolarization blocked state (Bunney and Grace, 1978; Braszko et al., 1981; Skirboll et al., 1981) . Spontaneously discharging DA cells can also exist in different states of activity. Two firing patterns have been observed: (I) a slow, single spiking pattern, and (2) burst firing (Bunney et al., 1973; Grace and Bunney, 1983a, c, 1984a, b) . The single spiking pattern is characterized by trains of spikes which discharge at steady but irregular intervals, and it is the typical firing pattern of the majority of DA cells encountered in untreated, anesthetized rats. In this paper, we explored the factors involved in mediating this firing pattern using intracellular and extracellular recording techniques.
In the companion paper (Grace and Bunney, 1984b) ' To whom correspondence should be addressed.
transition from this single spike pattern to a burst firing pattern. An abstract of these data has been presented previously (Grace and Bunney, 1983c (Tasaki et al., 1968) . The electrodes were filled with 2 M NaCl containing 2% pontamine sky blue, and they had an impedance of 6 to 12 megohms measured at, 1000 Hz. DA cells et al., 1973; Guyenet and Azhaianian. 1978 : Grace and Bunnev. 1980 . 1983a of DA cell firing and, therefore, each of these components was studied in detail.
Slow depolarization.
The slow depolarization preceding spike discharge occurs in all spontaneously firing DA cells observed intracellularly.
This slow, pacemaker-like depolarization begins an average of 78 f 40 msec before the spike and attains an average amplitude of 13.8 + 3.2 mV (mean + SD, N = 70). Thus, the slow depolarization bridges the voltage difference between the resting membrane potential (average = 55 f 2.9 mV, N = 30) and the comparatively high spike threshold (average = 41 + 4.2 mV, N = 30; Fig. 4 ).
The slow depolarization appears to be responsible for the relatively long interspike intervals observed for spontaneously discharging DA cells. Furthermore, evidence indicates that this slow depolarization may be voltage dependent, as it can be triggered in a nonfiring or slowly firing DA cell by a depolarization subthreshold to spike generation (N = 20; Fig. 5A ). In addition, a short depolarizing pulse will initiate the slow depo- The action potential triggered by the slow depolarization is followed by an AHP which brings the membrane potential back to base line levels prior to the onset of the next slow depolarization.
-58 mV Figure 6 . The effects of altering the membrane potential on the rate of rise of the slow depolarization preceding spontaneous spike generation. As the spontaneously firing DA cell was depolarized from rest, the rate of rise of the slow depolarization was observed to increase. This was accompanied by a decreased interspike interval and hence a greater rate of spike discharge.
spontaneously discharging DA cells. This increased rate is reflected by a proportional increase in the average rate of rise of the slow depolarization at the more depolarized levels (N = 6; Fig. 6 ). However, the increased rate of rise of the slow depolarization is partially counterbalanced by an increase in the spike threshold (N = 8; Fig. 7) . Measurement of the input resistance taken during the slow depolarization and immediately following the spike are difficult to perform accurately, due to the long membrane time constant and the inactivation of the slow depolarization by hyperpolarizing current pulses. However, in light of the importance of this determination in evaluating the nature of the slow depolarization as well as the AHP which occurs during DA cell action potential generation, an attempt was made to estimate the input resistance changes accompanying these phenomena. Thus, in order to obtain a rough estimate of the relative input resistance changes occurring before and after a spike, a series of brief (5 to 10 msec) low amplitude (0.1 to 0.3 nA) constant current hyperpolarizing pulses were injected intracellularly into DA neurons, and input resistance measurements were calculated, to obtain some information concerning the conductance changes occurring during spiking. Although this methodology is insufficient for a careful, well controlled investigation of the input resistance changes occurring during these processes, this technique is of sufficient accuracy to illustrate the relative direction and magnitude of the impedance changes accompanying spiking. In all, 274 resistance measurements on 42 spikes were correlated with their pre-and postspike time of occurrence (10 different DA cells in 10 rats were used). The relative resistance changes observed suggest that little input resistance change occurs during the slow depolarization; however, a significantly large input resistance decrease is observed during the AHP which follows the spike (Fig. 8 ). This AHP is described in more detail below.
Afterhyperpolarization (Fig. 9 ). This AHP is of comparatively long duration, which can be estimated (from the average time required to return to prespike levels of input resistance) to be about 20 msec following single spikes (from Fig. 8 ) and about 50 msec following a train of spikes (Fig. 10) .
In many respects, this spike-dependent AHP observed in DA neurons resembles the calcium-activated potassium conductance (ZK,caJ observed in other preparations (Meech, 1978 AHP following a spike train can be attenuated by intracellular injection of the calcium chelator EGTA (N = 6; Fig. 11, A and  B) , suggesting the involvement of calcium in its initiation. EGTA injection will also increase the amplitude of the DA cell action potential from its 65-to 75-mV amplitude in spontaneously discharging cells to up to 90 mV in amplitude (Fig.   1lD ).
The ability of the potassium channel blocker tetraeth- At the termination of the pulse, an AHP was observed (a typical response is illustrated). The amplitude of the AHP was found to be proportional to the number of spikes evoked during the current pulse. A plateau amplitude of about 8 mV was reached with trains of five to six spikes. Numbers in parentheses represent the number of spike trains of the specified length which were used to obtain the value specified.
Values are expressed as mean + SEM. between the amplitude of the depolarizing current pulses injected and the number of spikes elicited (N = 6; Fig. 12 ). Closer examination of the multiple elicited spikes reveals that each successive spike occurs with an increased interspike interval, associated with a slower-rising slow depolarization. A sequence of depolarization-elicited spikes obtained during EGTA injection reveals quite a different picture. The number of spikes elicited by constant amplitude depolarizing pulses increases with time as EGTA leaks from the recording electrode into the impaled cell (N = 6; Fig. 13 ). Perhaps more importantly, the interspike interval between the spikes remains constant, with the slow depolarization rising at nearly equal rates for all spikes. Furthermore, the spontaneous firing pattern gradually changes during EGTA injection to resemble a characteristic even-firing pacemaker pattern (Fig. 14) . Thus, the Ik(c,,-mediated AHP appears to regulate DA neuron single spike firing by producing rapid accommodation to short excitations, as well as modulating the pacemaker pattern produced by the slow depolarization into the characteristically observed irregular firing pattern.
Discussion
DA neurons in the substantia nigra of anesthetized or paralyzed rats can be either firing spontaneously (at rates typically Figure 12 . Dependence of the number of spikes elicited in DA neurons by a 150.msec current pulse on the amplitude of the current injected. A linear relationship between the number of spikes elicited and the intensity of the depolarizing stimulus was found. Deviations from linearity were found primarily during lower levels of current injection, since the coincidence of the pulse with a spontaneously occurring slow depolarization was a more important factor in determining whether spiking would occur than was the absolute level of the current injected at these intensities. above 2 Hz) or nonfiring. At least 30% of the DA cells sampled electrophysiologically have been found to be inactive in chloral hydrate-anesthetized or gallamine-paralyzed rats (Bunney and Grace, 1978; Chiodo and Bunney, 1983; White and Wang, 1983) . In contrast, very slow-firing DA cells (i.e., less than 1 Hz) were rarely encountered.
Although the reasons for not encountering DA cells firing within this frequency range are unclear, the finding that DA cells tend to release more dendritic DA as their firing rate slows (Nieoullon et al., 1977 (Nieoullon et al., ,1978 Cheramy et al., 1978 Cheramy et al., , 1981 Nieoullon and Dusticier, 1980) may be a contributing factor to this phenomenon. Thus, slowly firing DA cells would be expected to release more DA locally and, through feedback onto autoreceptors, to self-inhibit their own firing so as to cause complete cessation of firing. This, however, remains to be substantiated experimentally. Firing can be initiated in previously nonfiring cells through excitation induced by glutamate iontophoresis (Fig. l) , cholecystokinin iontophoresis (Skirboll et al., 1981) , and intravenous haloperido1 administration (Bunney and Grace, 1978) . When DA cells are spontaneously active, they typically fire at a rather slow rate of about 4 to 5 spikes/set. Two firing patterns have been observed in these neurons: (1) a slow, irregular pattern, and (2) burst firing. In analyzing nonburst-firing cells, the irregular single spike firing pattern was found to arise from the alternation of two transmembrane currents: (1) a voltage-dependent, slow, pacemaker-like depolarization preceding the action potential,
and (2) an AHP following the action potential, arising from a spike-dependent ZK(ca).
Slow depolarization. A distinguishing characteristic of DA neuron spontaneous spike discharge observed during intracellular recording is the slow depolarization preceding action potentials (Grace and Bunney, 1983a, b) . The slow depolarization apparently drives spiking in DA cells, since EPSPs were never observed to occur spontaneously in DA neurons recorded intracellularly.
These slow potentials appear to be voltage dependent, since: (1) they can be activated by subthreshold depolarizing pulses, (2) they can be inactivated or "reset" by brief hyperpolarizing pulses, and (3) their rate of rise is proportional to the membrane potential. Hyperpolarizing DA neurons, by as much as 20 mV from the resting potential, will slow the rate of rise of this potential but typically will not totally block its occurrence. Apomorphine, on the other hand, does completely inactivate this current (Grace and Bunney, 1982 , 1983a , 1984a .
This slow depolarization has a number of characteristics in common with pacemaker potentials. Its pacemaker property is revealed when the ZK,ca) is blocked by EGTA, a treatment which causes DA cells to fire in a very regular pattern. Pacemaker currents have been reported in both vertebrate and invertebrate preparations.
In the molluscs Helix and Aplysia, a slow inward pacemaker current has been characterized as leading to burst discharge (Wilson and Wachtel, 1974, 1978) . This current consists of a voltage-dependent sodium current in Aplysia (Smith et al., 1975; Barker and Smith, 1978; Carnevale and Wachtel, 1980; Carpenter and Gunn, 1980; Colmers et al., 1982) and a voltage-dependent sodium and calcium current in Helix (Eckert and Lux, 1976; Heyer and Lux, 1976; Ehile and Gola, 1979a, b) . This current is regenerative over a narrow voltage range. Depolarizing pulses which bring the membrane potential into this range activate the slow depolarization;
hence, depolarizing current pulses result in voltage deflections of greater amplitude than those obtained with hyperpolarizing pulses due to activation of this current (Stafstrom et al., 1982) . This region of membrane voltage instability can be observed in the steadystate current/voltage plots obtained during voltage clamping as a region of negative slope conductance (Gola, 1974; Wilson and Wachtel, 1974, 1978; Eckert and Lux, 1976; Johnston, 1976; Gorman et al., 1982; Stafstrom et al., 1982) .
In vertebrate nervous systems, slow depolarization arising from inward currents have been reported in hippocampal pyramidal cells (Johnston et al., 1980; Brown and Griffith, 1983) , neocortical pyramidal cells (Stafstrom et al., 1982) , and cerebellar Purkinje cells (Llinhs and Sugimori, 1980a, b) . In the raphe nucleus, however, pacemaker currents have been proposed to arise from a decay in the ZK(ca) rather than being derived from an inward current source (Aghajanian and Vandermaelen, 1982a) . In contrast, in DA neurons the slow depolarization is clearly a separate phenomenon from the AHP, since (1) the decrease in conductance occurring during the AHP does not continue during the slow depolarization, (2) the slow depolarization can be triggered by depolarizing current injection and can be inhibited by hyperpolarizing current injection, and (3) a slow depolarization can occur hundreds of milliseconds after a previous spike in a slowly firing DA cell. In some vertebrate brain regions, the slow inward pacemaker current appears to be a sodium current, due to its blockade by tetrodotoxin in the neocortex (Stafstrom et al., 1982) and in the cerebellum (Llinas and Sugimori, 1980a, b) , although its sensitivity to external calcium blockers in the hippocampus (Johnston et al., 1980; Brown and Griffith, 1983) indicates that it may be calcium mediated in this brain region.
Since little resistance change occurs during the slow depolarization in DA cells, it is probably also derived from a slow inward current. Thus, the slow depolarization which triggers single spikes in DA neurons has many characteristics in common with slow, inward pacemaker currents as described in other preparations.
However, it has not yet been determined whether this current is sodium or calcium mediated in DA cells. vertebrate (Hotson and Prince, 1980; Llinas and Sugimori, 1980a, b; Llinis and Yarom, 1981a, b; Aghajanian and Vandermaelen, 1982a, b; Aghajanian et al., 1983) and invertebrate (Meech, 1972; Meech and Standen, 1975; Heyer and Lux, 1976; Adams and Gage, 1979a, b, c, 1980; Aldrich et al., 1979; Gorman and Herman, 1979) preparations.
The AHP delays the onset of the next action potential in a train. This delay is probably due to a combination of the increased membrane conductance and the voltage-dependent inactivation of the slow depolarization occurring during the AHP, thus effectively "shorting out" the slow depolarization.
Thus were never observed in a spontaneously firing DA cell, even with penetrations stable enough to permit intracellular recordings of spontaneously active DA cells for periods of 2 hr or more. Although the mechanism by which EGTA will increase the amplitude of the DA cell action potential cannot be determined conclusively using the techniques described here, one possibility may be that EGTA is removing a residual calcium-induced inactivation of the calcium current associated with the SD portion of the action potential. In other preparations EGTA has been shown to increase the peak inward calcium current during action potential generation by as much as 30%, due to removal of calcium current inactivation (Eckert and Tillotson, 1982; Plant et al., 1983) . Likewise, intracellular injection of calcium has been found to lead to an inactivation of voltage-dependent calcium currents (Kostyuk and Krishtal, 1977; Brehm and Eckert, 1978; Tillotson, 1979; Brehm et al., 1980; Aschcroft and Stanfield, 1981; Brown et al., 1981; Eckert and Tillotson, 1981; Marban and Tsien, 1981; Plant and Standen, 1981a, b; Plant et al., 1983) . This mechanism may also be partially responsible for the increased action potential amplitude observed in DA neurons after intracellular EGTA administration.
Thus, the DA neuron SD spike amplitude may decrease rapidly during increased firing rates secondary to the greater calcium influx accompanying the increased number of spikes. The initial segment spike (which is most likely sodium mediated), on the other hand, maintains the same amplitude throughout this depolarization (Grace and Bunney, 198313). As DA neurons are known to show wide variations in their action potential duration and amplitude with increases or decreases in firing rate, a significant amount of calcium channel inactivation may be present in untreated, normally firing DA cells. Of course, a shift in the SD spike initiation site away from the soma can also result in a similar phenomenon, and further work is required to sort out the contributions of these and other mechanisms to the observed changes in spike amplitude.
The AHP in DA cells also appears to be involved in the modulation of DA cell-firing pattern; specifically, in the rapid accommodation found in response to brief periods of excitation. This accommodation can be attenuated by intracellular injection of EGTA, as has also been shown in another monoamine cell group, the locus ceruleus (Aghajanian et al., 1983 ). The resultant firing pattern then appears to be determined only by the slow depolarization.
Under these conditions, spikes are equally spaced temporally and arise from faster rising slow depolarizations, thus closely resembling the firing pattern of pacemaker cells as described in invertebrates (Gorman et al., 1982) and in the mammalian raphe nucleus (Aghajanian and Vandermaelen, 1982a) . Furthermore, in the in vitro nigral slice preparation, decreasing calcium concentrations in the bathing medium will also cause DA cells to fire in a pacemaker-like pattern (Sanghera et al., 1983) . Our data suggest that an IKCcaJ may be involved in the rapid accommodation of firing rate in DA cells in response to a brief depolarizing stimulus. Thus, DA neuron spike generation appears to occur in a manner similar to that involved in the pacemaker cycle described in various invertebrate preparations (Gola, 1974; Gola et al., 1977; Gorman and Hermann, 1982; Gorman and Thomas, 1978, 1980; Gorman et al., 1982) . Of course, these basic mechanisms of DA cell firing will be further modulated by the actions of neurotransmitters impinging on these cells. In the next paper (Grace and Bunney, 1984b) 
